Abstract In a previous cross-sectional study on baseline data, we demonstrated that the volume of brain white matter hyperintensities (WMH) in the splenium of corpus callosum (SCC) predicted the current mobility function of older persons. The primary aim of this follow-up study was to determine the relation of WMH volume change in SCC (SCC-ΔWMH) with change in mobility measures. A secondary aim was to characterize the global and regional progression of WMH. Mobility function and WMH burden were evaluated at baseline and at 2 years in 77 community-dwelling individuals (baseline age, 82±4). Regional WMH in SCC, as well as genu and body of corpus callosum, subregions of corona radiata, and superior longitudinal fasciculus were determined using a white matter parcellation atlas. The total WMH volume increased 3.3±3.5 ml/ year, mainly through enlargement. Significant WMH increases were observed in all selected regions, particularly within the corona radiata. While at baseline and follow-up we observed correlations between WMH burden and several measures of mobility, longitudinal change correlated only with change in chair rise (CR). SCC-ΔWMH showed the highest correlation (r=−0.413, p=0.0002) and was the best regional predictor of CR decline (OR=1.5, r 2 =0.3). The SCC-ΔWMH was more than five times larger in the CR-decline group compared to the nodecline group (p=0.0003). The SCC-ΔWMH (top quartile) showed a higher sensitivity/specificity for AGE (2012) CR decline compared to change in total WMH, 63/88% versus 52/84%, respectively. The findings suggest that accrual of WMHs in posterior areas of the brain supporting inter-hemispheric integration and processing of visual-spatial information is a mechanism contributing to age-related mobility deterioration.
Introduction
Gait and balance abnormalities in elderly individuals often lead to falls and predict further functional decline (Guralnik et al. 1995) . Identifiable causes of mobility impairment and falls include medications, deconditioning, arthritis, and pain (Tinetti and Kumar 2010) . However, a significant proportion of mobility difficulties occur in otherwise healthy individuals with no obvious cause. Cross-sectional (Masdeu et al. 1989; Camicioli et al. 1999; Guttmann et al. 2000; Sachdev et al. 2005; Baezner et al. 2008; Franch et al. 2009 ) and longitudinal studies (Whitman et al. 2001; Baloh et al. 2003; Wolfson et al. 2005; ten Dam et al. 2007; Silbert et al. 2008; Srikanth et al. 2009 ) demonstrated an association of total brain white matter hyperintensity (tWMH) volume with mobility impairment as well as other geriatric syndromes (Kuo and Lipsitz 2004; Wakefield et al. 2010) . WMHs represent areas of compromised neural connectivity due to demyelination, gliosis, and/or neuronal degeneration (Fazekas et al. 1993; Schmidt et al. 2004 ) likely caused by ischemia (Pantoni and Garcia 1997) and/or abnormal bloodbrain barrier permeability (Wardlaw et al. 2003) . Although it is reasonable to believe that tissue damage represented by WMHs compromise sensory motor connectivity/integration supporting mobility (Masdeu et al. 1989; Baloh et al. 2003) , little is known about specific tracts involved and the role of WMH distribution in impaired mobility. Both crosssectional (Whitman et al. 2001; Srikanth et al. 2010) and longitudinal (Silbert et al. 2008 ) studies showed an association of periventricular WMHs with mobility impairment. These findings are consistent with the presence in these areas of neural tracts supporting motor control, e.g., sensory input or motor output through corona radiata or interhemisperic integration through corpus callosum. In a prior study, we demonstrated that posterior periventricular WMH were associated with impaired mobility (Benson et al. 2002) . Consistent with that observation, cross-sectional analysis on baseline data from the current study demonstrated that WMH burden in the splenium of the corpus callosum is the best regional predictor of poor mobility performance (Moscufo et al. 2011) . The splenium of the corpus callosum contains commissural neural tracts important for the integration of visual and spatial information. Due to the importance of timely visuospatial processing in motor as well as cognitive functions, morphological changes in this area, which may reflect diminished connectivity/impaired processing, could be a particularly sensitive indicator of functional impairment. Thus, the primary aim of this follow-up analysis was to test/confirm the association of WMH in the splenium of the corpus callosum with mobility impairment on longitudinal data (change versus change). A secondary aim was to characterize WMH progression in the study cohort.
Methods

Subjects
Participants for this longitudinal study were recruited in and around Hartford, Connecticut, from senior centers, retirement communities, and geriatrician referrals and through advertisements in local newspapers and newsletters. Details on recruitment methods and inclusion/ exclusion criteria were described previously (Moscufo et al. 2011) . Subjects had to walk independently (inclusion) and were excluded if they had diseases compromising mobility or had contraindications for magnetic resonance imaging (MRI). Of the 99 original subjects ≥75-years old, 77 returned for follow-up assessments at 2 years (1.9±0.4 years). Twenty-two individuals (22%) did not return due to pacemaker implant (n=3), refusal to participate (n=5), MRI refusal (n=3), relocation (n=3), brain tumor (n=1), myocardial ischemic attack (n=1), or deceased (n=6). Ethics committees of participating institutions approved the study.
Mobility assessments
The subject's ability to perform tasks reflecting mobility independence in daily activities was assessed with Tinetti Balance and Gait scores (Tinetti 1986) and with the three timed components of the Short Physical Performance Battery (Guralnik et al. 1994) , i.e., standing balance, rise from chair to stand (CR), and walking speed. Self-paced maximum walking velocity, usual walking velocity, stair descent time, and turn time were also measured during the laboratory mobility testing and included in the analysis (Electronic supplementary materials (ESM) Tables 1 and 2 ).
Brain MRI
Brain images were acquired on a 3-T scanner (SiemensAllegra, Erlangen, Germany) using three MRI sequences: T1-weighted magnetization prepared rapid gradient echo (MPRAGE: repetition time (TR)/echo time (TE)=2,500/2.74 ms, inversion time (TI)=900 ms, slice thickness=1 mm, 176 contiguous axial slices) ( Fig. 1A and B) ; 3D Fast Spin-Echo (T2: TR/TE= 2,500/353 ms, slice thickness=1 mm, 176-contiguous sagittal slices); and fluid-attenuated inversion recovery (FLAIR: TR/TE=6,000/353 ms, TI=2,200 ms, slice thickness=1.3 mm, 128 contiguous sagittal slices) ( Fig. 1C and D) . Pre-processing included correction of magnetic field-related signal inhomogeneities (Sled et al. 1998 ) and affine registration (Jenkinson and Smith 2001) of FLAIR and T2 to MPRAGE.
Segmentation of WMH
To identify areas of WMH in FLAIR images, we used the method previously described (Moscufo et al. 2011) . We used both MPRAGE and FLAIR series as inputs in the segmentation module of 3D Slicer (Pohl et al. 2004 ) and the MPRAGE series as input for segmentation in FreeSurfer (Fischl et al. 2002) . The two resulting outputs were combined and only WMH regions larger than 3 pixels and with at least 10% spatial overlap between the two methods were retained in the final map (example in Fig. 1c, d ). These maps were reviewed for accuracy and manually corrected if necessary. To account for head size variability, total WMH volumes (milliliters, mL) were expressed as percent of the intracranial cavity volume. Frequency and anatomical distribution of WMH were determined as previously described (Moscufo et al. 2011 ).
Regional WMH burden
We used the brain white matter parcellation atlas (Mori et al. 2008 ) for automated and objective measurement of regional WMH burden. The atlas was spatially normalized to each subject's brain at baseline (Moscufo et al. 2011) and then aligned to the same subject's brain at follow-up by applying the linear and nonlinear transforms obtained from registering the baseline MPRAGE to follow-up MPRAGE images. The selected regions of interest were: corpus callosum-genu, body, splenium (GCC, BCC, SCC); corona radiata-anterior, superior, posterior (ACR, SCR, PCR), and superior longitudinal fasciculus (SLF). These regions contain periventricular fiber tracts that are relevant for motor control. The genu of corpus callosum contains commissural fibers connecting the frontal and prefrontal cortices important for movement planning. The body of corpus callosum contains commissural fibers connecting pre-motor, motor, and somatosensory areas. The splenium of corpus callosum contains fibers connecting the parietal, temporal, and occipital somatosensory and visual cortices sensing body position. The anterior, superior, and posterior parts of the corona radiata contain projection fibers that form the internal capsule traveling to and from the cerebral cortex and include the efferent fibers originating in the motor cortex, giving rise to the corticospinal tract. The superior longitudinal fasciculus contains long association fibers connecting the occipital cortex, mostly visual, to the frontal and prefrontal cortices. Other relevant regions were excluded due to none-to-negligible presence of WMHs (brainstem, cerebellum, corticospinal tract, internal capsule). The WMH burden in each region of interest was expressed as percent of the region's volume.
WMH segmentation: accuracy and reproducibility
We validated the semi-automated WMH segmentation method by comparison to a "gold standard" obtained by manual outlining of WMHs on FLAIR images of ten randomly selected study subjects by an expert neurologist (ML). Intra-class correlation coefficient was 0.99 (p=5×10 −9 ) and the mean WMH pixel overlap was 82.9 ± 6.6% (min-max = 71.3-92.2). Reproducibility was assessed on ten subjects who participated in a scan-rescan experiment consisting of two MR brain image acquisitions in the same day >1 h apart. The resulting scans were deidentified and processed by an operator blinded to subject identity. For each subject, the two WMH segmentation outputs were compared to assess reproducibility. Intra-class correlation coefficient was 0.99. The percent of pixels reproducibly classified as WMH were 77.5±12.3 (95% CI=68.7-86.3). Mean percent and standard error in tWMH measurement was 0.02± 0.20 (% intracranial cavity volume).
Statistics
Statistical analysis was performed using SPSS v.13 application (SPSS Inc., Chicago, Illinois). For each mobility test, we assigned subjects to two categories based on change in performance at follow-up, i.e., decline (=0) or no-decline (=1) relative to baseline. 
Results
Cohort characteristics
Demographic and mobility characteristics of the 77 subjects that returned at follow-up are illustrated in Table 1 . Small declines in mobility performance along with inter-subject increased variability were noted. Percentages of subjects showing performance decline were 25% in balance standing, 24% in chair rise, 17% in walking speed, 22% in Tinetti gait, 46% in Tinetti balance, 44% in usual walking velocity, 47% in self-paced maximum velocity, 76% in stair descent time, and 85% in turn time. Both basic and instrumental activities of daily living were not significantly different at follow-up, and changes showed no association with total and regional ΔWMH. The 22 subjects who did not return were older (84±4 versus 82±4 years, p=0.018) and had lower SPPB mobility score (p=0.015); no other significant differences were observed. Within the non-returning group, the six deceased subjects were older (88±2 versus 83±4 years, p=0.018), but no significant differences in tWMH burden or other measures were found.
Changes in WMH burden
On average, tWMH volume increased from 1% at baseline to 1.5% at 2 years (Table 2 ), corresponding to 13.9 (±12.8) and 20.4 (±16.2) mL, respectively. Average rate of change was 0.2±0.2% per year (or 3.3±3.5 mL/year). The tWMH increased in 91% of subjects. We observed a correlation between burden at baseline and its increase at follow-up (r=0.393, p=0.0004) with a plateau effect apparent at baseline tWMH >2% (Fig. 2) . The number of WMH islands did not change significantly (average per subject, 29 at baseline versus 27 at follow-up, p>0.05). Average volume of WMH islands increased from 0.54 to 0.85 mL (p<10 −5 ). Regional WMH increases (Guralnik et al. 1994) b Scores; mobility assessment as described in Tinetti (1986) ( Table 1) were highest in corona radiata (posterior> superior>anterior) and, as percent of total burden, were 21.0 ± 8.0%, 9.3 ± 4.0%, and 2.5 ± 2.5% in corona radiata, corpus callosum, and superior longitudinal fasciculi, respectively. On average, nearly half (47%) of total new WMH arose in these three brain regions.
Correlation between mobility and WMH
Cross-sectional analyses on baseline and follow-up data confirmed the association of WMH burden with mobility performance. The associations were stronger at baseline compared with the follow-up (ESM Tables 1 and 2) . At both assessments, tWMH negatively correlated with Tinetti gait and SCC-WMH negatively correlated with walk score, Tinetti gait, Tinetti balance, self-paced maximum velocity, and usual velocity. Results of correlation analysis on longitudinal data, i.e., ΔWMH versus mobility changes, are shown in Table 3 . In this analysis, tΔWMH was significantly associated only with decline in chair rise (r=−0.381, p=0.001). Significant correlation between decline in chair rise and GCC-ΔWMH (r=−0.297, p=0.009), BCC-ΔWMH (r= −0.384, p = 0.001), SCC-ΔWMH (r = −0.413, p = 0.0002), SCR-ΔWMH (r=−0.300, p=0.008), and PCR-ΔWMH (r = −0.247, p = 0.031) were also (Table 3) . After Bonferroni correction, only associations with BCC-ΔWMH and SCC-ΔWMH remained significant. Associations were independent of age, gender, BMI, and MMSE. SCC-ΔWMH showed the strongest correlation, higher than that with tΔWMH. Decline in standing balance was also weakly associated with SCC-ΔWMH (r=−0.228, p= 0.046), but the association was no longer significant after Bonferroni correction. Men were more likely to show decline in the Tinetti gait test (r=0.257, p= 0.026). There was no significant association of mobility decline with age and BMI (Table 3) . Subjects with lower MMSE score at follow-up were more likely to show a reduced performance in the CR test (r=0.252, p=0.029). We performed group analysis to compare WMH burden between chair rise-decliners compared to non-decliners. At baseline, the decline group had higher tWMH volume compared to the nodecline group, but the difference was not statistically significant (Mann-Whitney p=0.070). PCR-WMH was the only regional burden significantly different (p=0.050) between the groups. At follow-up, group differences in WMH become significant: tWMH (p= 0.009), BCC-WMH (p = 0.02), SCC-WMH (p = 0.005), ACR-WMH (p= 0.045), SCR-WMH (p = 0.038), and PCR-WMH (p=0.018). There were no significant differences in age and BMI. Thus, the observed change-versus-change correlations above are driven by the larger WMH increase in the subjects showing chair rise decline, particularly in the SCC.
Larger WMH accrual in SCC predicts CR performance decline
Univariate logistic regression showed that decline in chair rise was significantly predicted by tΔWMH (r 2 = 0.229), GCC-ΔWMH (r 2 =0.110), BCC-ΔWMH (r 2 = 0.273), and SCC-ΔWMH (r 2 =0.317). SCC-ΔWMH explains nearly 32% of the outcome variability, the highest among all the ΔWMH variables. When these variables were entered together using a forward stepwise method, only SCC-ΔWMH was retained in the model (OR=1.5, 95% CI=1.2-1.9, p=0.001). Therefore, among the ΔWMH variables, accrual of WMH within the splenium of the corpus callosum best predicted chair rise decline, with a 1.5-fold higher probability of decline for every 1% increase in SCC-ΔWMH.
The SCC-ΔWMH demonstrated a higher positive predictive value than tΔWMH for chair rise decline in the group with the largest WMH accrual (top quartile), i.e., 63% versus 52% of subjects showed reduced performance. Sensitivity/specificity values (top quartile versus three lower quartiles) of SCC-ΔWMH were also higher than tΔWMH, 63%/88% versus 53%/84%, respectively. All together, the above results indicate that SCC-ΔWMH is a good predictor of declining mobility, better than tΔWMH.
The spatial location and frequency of new WMHs within the SCC are illustrated in Fig. 3 . New WMHs occur in a larger area (panels B, D versus A, C) and occur with higher frequency in the decline group (up to 37%) compared to the non-decliners (up to 12%). The SCC-ΔWMH is greater than fivefold larger in the decline group compared to the no-decline group (4.5±4.7% versus 0.8±2.0%, p=0.0003; Fig. 3 , boxplots). Additional plots are reported as supplementary data (ESM boxplots).
Discussion
We assessed the relation between change in mobility in older people and change in total and regional lesion burden in brain white matter over 2 years. Our results highlighted the correlation between increased white matter lesion burden within the splenium of the corpus callosum and reduced mobility. The finding confirmed previous observations that periventricular damage in the posterior part of the brain (Benson et al. 2002; Wolfson et al. 2005) and particularly in the callosal splenium (Moscufo et al. 2011 ) is important in mobility deterioration. The tWMH increased in 91% of the subjects, similar to other studies (Sachdev et al. 2007; Silbert et al. 2008) , with a larger increase in subjects with higher tWMH at baseline (Whitman et al. 2001; Taylor et al. 2003; Sachdev et al. 2007; Silbert et al. 2008 ), but with a "threshold effect" as the WMH accrual tended to plateau in the subjects with highest tWMH burden. WMHs show periventricular distribution, as previously reported (Whitman et al. 2001; Benson et al. 2002; Wen and Sachdev 2004; Sachdev et al. 2007; Silbert et al. 2008; Moscufo et al. 2011) . The rate of annual increase is similar to that reported in (Silbert et al. 2008 ), but higher than those from others (Taylor et al. 2003; Wolfson et al. 2005; Sachdev et al. 2007 ), although methodological differences make a comparison difficult. The observation of a decrease in number and increase in size of discrete WMHs supports the concept that tWMH increase is due to the expansion of preexisting lesions (Schmidt et al. 2003; DeCarli et al. 2005; Sachdev et al. 2007) , and for the vast majority of subjects, the underlying process once established continues. Mechanisms involving astrocytes activated by the abnormal presence of plasma proteins caused by the breakdown of the blood-brain barrier (Baloh and Vinters 1995) and/or ischemic damage (Pantoni and Garcia 1997) have been suggested for the expansion of WMH to periventricular confluence (Schmidt et al. 2003; DeCarli et al. 2005) .
Consistent with our previous cross-sectional analysis (Moscufo et al. 2011) , among the regions of interest analyzed, most of the accrual occurs in the corona radiata, especially posteriorly, followed by corpus callosum, particularly the genu and body, and in the superior longitudinal fasciculi. These regions contain almost half of the newly occurring WMH. Although WMH accrual in multiple regions correlated with performance decline in chair rise, SCC-ΔWMH was the best regional predictor explaining almost a third of the variability, better also than tΔWMH. Thus, SCC, while being the region least affected by accrual of new WMH, is the most strongly associated with compromised mobility. This is consistent with our previous cross-sectional study (Moscufo et al. 2011) and with the observation that parieto-occipital WMHs are the most specific predictor of mobility impairment (Benson et al. 2002) .
In the present study, we analyzed mobility data obtained from several widely used tests (Tinetti 1986 ; Guralnik et al. 1994) as well as others. While we confirmed the association of WMH with various mobility tests in cross-sectional analyses at both baseline and follow-up, in longitudinal analysis on WMH change versus mobility change, we found significant association only with the chair rise mobility test. While lacking a clear explanation, we believe that the absence of association with changes in other mobility tests is related to the nonlinear nature of the latter, which limits their adequacy in assessing change over a relatively short time, to differences in complexity between motor tasks, as well as to individual variability in postural and gait compensatory adaptation. Future analyses on changes assessed over a longer interval on this cohort will help clarify this aspect.
The timed chair rise test measures muscle strength, balance, and coordination in response to visual information. The observed relationship of decreased performance with WMH progression in SCC suggests a mechanism by which damage to local neural pathways and associated reduced connectivity may slow processing/integration of visual-spatial information, thus increasing the time of motor response. However, this remains a speculation that will require direct testing in future work. The sensitivity of mobility to damage in the splenium that we observed in both cross-sectional and longitudinal analyses may be related to the increased reliance on visual inputs for postural control to compensate for reduced proprioception attendant with aging (Pyykko et al. 1990; Borger et al. 1999) . Mechanisms involving damage in other tracts (Srikanth et al. 2010 ) and microstructural non-WMH brain abnormalities (Rosano et al. 2008 ) are also likely.
Our study is limited by the nonlinearity of the mobility tests, which may reduce their appropriateness for assessing changes in performance over short periods of time. We acknowledge possible measurement errors associated with image processing and analysis and limits to the quantitative representation of regional brain maps and are therefore cautious in data interpretation. Nevertheless, we believe that our approach was effective and objective in carrying out the study. The lack of diffusion data is another limitation, and we are aware of the need to assess the microstructural integrity of the regions we analyzed and their relationship with mobility decline in future studies.
In summary, the results of this longitudinal study suggest an important role for SCC-WMH accrual in diminished mobility performance. The increasing reliance on visual and/or spatial inputs during motor performance in normal aging might explain why this function is particularly sensitive to damage within the SCC. Our findings contribute to a better understanding of the neurological underpinnings and possible mechanisms of a complex and multifactorial process leading to impairment of mobility.
